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I.  INTRODUCTION 

In recent years, there has been considerable interest 
in the electromagnetic acceleration of projectiles, result- 
ing primarily from the successful series of rail gun 
experiments performed by Marshall and his co-workers at 
the Australian National University [1-3].  With a homopolar 
generator to power their device, they were able to accel- 
erate a 3 g projectile to a velocity of 6 km/s in a distance 
of 3 m [1] .  Recognizing the potential benefits of rail gun 
technology, DARPA and the Army have embarked on a program 
to advance the state-of-the-art of electromagnetic acceler- 
ation.  A major component of this program is a project 
underway at Westinghouse to design and build a rail gun 
capable of accelerating a 300 g mass to 3 km/s in a distance 
of 3 m. 

Figure 1 shows a schematic representation of a 
typical rail gun, which consists of two parallel, station- 
ary conductors which are bridged by a mobile armature 
adjacent to a projectile.  When a potential is applied to 
the rails, a current I passes down one rail through the 
armature and back up the other rail.  This creates a mag- 
netic field in the region bounded by the rails and arma- 
ture.  The interaction of this field with the current 
through the armature generates a force which accelerates 
the armature, and thus the projectile, down the rails. 
For relatively low current experiments, the armature can 
be a solid conductor.  However, as the current is increased 
to achieve higher accelerations, there is a tendency for 
the armature to melt as a result of the increased ohmic 
heating.  To circumvent this problem, a plasma arc is 
generally used as the armature for high current rail guns. 
In fact, the highest accelerations to date were achieved 
by Marshall and Rashleigh with an arc driven rail gun [1]. 

In  this report, we focus primarily on the use of 
the rail gun as a plasma accelerator.  A plasma accelera- 
tor would have a number of potential applications.  For 
example, it could form the basis for a low thrust, high 
specific impulse propulsion mechanism.  In addition, the 
combination of high temperatures and velocities attainable 

S. C. Rashleigh and R. A. Marshall, "Electromagnetic 
Acceleration of Macroparticles to High Velocities," 
J. Appl. Phys. 4_9, 2540 (1978). 
R. A. Marshall, "The Australian National University 
Rail Gun Project," Atomic Energy, 16, January 1975. 
J. P. Barber, "The Acceleration of Macroparticles and a 
Hypervelocity Electromagnetic Accelerator," Ph.D. Thesis 
(Australian National University, 1972) (Unpublished). 
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with this device would make it ideal for applying coatings 
to surfaces.  As a research tool, the plasma accelerator 
could be used for studying energy transfer processes in 
plasmas, for example, through colliding plasma experiments 
analogous to the colliding beam experiments commonly 
undertaken.  If sufficiently high energies can be 
attained, the plasma accelerator may even be useful as an 
injector for a fusion device.  Finally, if the hot plasma 
could be kept confined and propagated for a significant 
distance through the atmosphere, then the plasma accelera- 
tor would also have obvious military significance. 

The plasma accelerator which will be analyzed in 
this report is actually identical to a conventional arc- 
driven rail gun in that the plasma is used to accelerate a 
projectile down the rails.  The purpose of the projectile 
is to provide an inertial force which keeps the plasma 
confined to a reasonably small volume in the gun.  The 
projectile would then be removed from the path of the 
plasma at the muzzle. 

The primary purpose of this analysis will be to 
determine the range of plasma temperatures, pressures, and 
accelerations, as well as arc lengths, which can be 
obtained by varying the arc mass, the projectile mass and 
the current in the rail gun.  In addition, we will derive 
an expression to estimate the effective range of the 
plasma in the atmosphere. 

The report is organized as follows.  In Section II 
we present the rail gun model used in the analysis.  In 
Section III we use the model to calculate the properties 
of the plasma for operating conditions typical of the 
Rashleigh-Marshall (RM) experiment and compare the results 
with both the experiment and previous studies.  In Section 
IV we explore the range of plasma parameters which can be 
obtained by varying the operating parameters in the RM 
experiment.  A calculation of the arc properties for the 
proposed Westinghouse experiment, for a range of values of 
the arc mass, is presented in Section V.  Section VI con- 
tains a discussion of the effective range of the plasma 
in the atmosphere and its impact on potential applications 
for the plasma accelerator.  Finally, in Section VII we 
present a summary of the results of this effort and 
recommendations for future studies. 
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II.  RAIL GUN MODEL 

For this analysis we will assume that the arc and 
projectile have reached a "steady state" in the sense that 
the acceleration of the projectile and all parts of the 
arc are independent of time and that the fluid mechanical 
properties of the arc are independent of time in a frame 
which accelerates with the arc.  Necessary conditions for 
the steady state approximation to be valid are discussed 
in detail in Reference 4.  Here we only note that in 
order to achieve a steady state the acceleration time t 
must be long enough for the current to diffuse throughout 
the arc plasma and for the plasma to achieve its equilibrium 
temperature and pressure distribution. 

The model which will be developed in this section 
is not intended to provide detailed profiles for the 
gasdynamic properties of the arc.  Rather, our intent has 
been to develop a computationally efficient, physically 
transparent model which can be used to estimate the aver- 
age arc properties for a wide range of operating conditions. 
Thus, a number of simplifications have been introduced 
into the calculation.  The effect of these simplifications 
on the predictions of the model will be addressed in this 
section as well as in Section III v/here we attempt to 
model the RM experiment. 

A.  Arc Pressure and Acceleration 

The equations we will use to determine the electro- 
magnetic fields and the plasma pressure are based on the 
one-dimensional analysis of an arc-driven rail gun pre- 
sented by Powell and Batteh [4,5].  In that analysis the 
electromagnetic fields and the gasdynamic properties of 
the plasma were assumed to depend only on the axial 
coordinate, x (see Figure 1).  In addition, the electro- 
magnetic fields in the arc were calculated assuming the height 
of the rails was infinite.  The one-dimensional approxima- 
tion for the electromagnetic fields is reasonable throughout 
most of the arc provided that the rail height D is suffi- 
ciently large.  We note, however, that the use of infinitely 

J. D. Powell and J. H. Batteh, "Plasma Dynamics of an 
Arc-Driven, Electromagnetic Projectile Accelerator," 
J. Appl. Phys. 52, 2717 (1981). 
J. D. Powell and J. H. Batteh, "Plasma Dynamics of the 
Arc-Driven Rail Gun," Ballistic Research Laboratory 
Report  No. ARBRL-TR-02267, 1980. (AD A092345) 
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high rails will lead to an overestimate of the force on 
the projectile. 

In the analysis of Reference 4 it was observed 
that the arc pressure and density were strongly dependent 
on position in the arc, due to the purely mechanical 
effect of accelerating the projectile, whereas the arc 
temperature, conductivity and degree of ionization were 
considerably less sensitive to position.  Therefore, for 
this analysis, we assume that the temperature, conduce 
tivity and degree of ionization are constant throughout 
the arc, while the pressure and density are allowed to 
vary with axial position in the arc. 

The pressure in the arc is determined from the 
momentum equation which, in a reference frame accelerating 
with the arc, reduces to [4] 

|| = Za[JB -  pa] (1) 

where p is the pressure, £a is the arc length, J is the 
magnitude of the current density in the arc, B is the 
magnitude of the magnetic induction, p is the density and 
a is the common acceleration of the arc and projectile. 
The axial coordinate in the accelerating frame has been 
normalized according to the definition 

x - x^ 
? = —r-2 (2) l a 

so that 5 varies from zero at the back of the arc to unity 
at the projectile. 

The current density and magnetic induction are 
given by 

a(S)J (3) 
£  a a 

and 
.  1 

B = M J  a(5)dC , (4) 
a K 

respectively, where a is the plasma conductivity, a is the 
average conductivity in the plasma, 

1 
o =  j     a(5)dC , (5) 

0 
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H is the magnetic permeability, and 

1 
j = ^a /  J(C)d5 (6) 

0 

is the current per unit height on the rails.  If we take 
the conductivity to be constant, then a = a and Equations 
(3) and (4) reduce to 

J - jAa (7) 

and 

B = yjd - 5) . (8) 

The plasma density is related to the temperature 
and pressure through the equation of state 

P = (1 + a)pkbT/rao (9) 

where a is the ratio of electrons to heavy particles (ions 
plus neutrals), k. is Bcltzmann's constant and m0 is the 
atomic mass of the ion or neutral.  If we assume that the 
degree of ionization and the temperature are constant with 
values a and T, respectively, corresponding to their aver- 
age values in the arc, then the density is directly pro- 
portional to the pressure 

m 
p =  2 _ p # (10) 

(1 + a)k,T 
D 

Substituting Equations (7), (8), and (10) into 
Equation (1) yields the equation 

where 

If + CjP ' ^2(1 - 5) (11) 

ai  m 
C, =   a0__ • (12) 

kb(l + a)T 

The solution to Equation (11) subject to the 
boundary condition 

14 



P(0) = 0 (13) 

is 

u) = y- 1     ~CiK 

(1 + ^) (l-e  1 ) - C (14) 

Since the final pressure p must equal the force per unit 
area on the projectile, we have the relationships 

am 
pf = p(1) = wcT = ^2 t^ (15) 

where nip is the mass of the projectile and the function 
f(C ) is given by 

f(CV =t f (l-e^M-e-01 (16) 

Equation (15) in its present form cannot be solved 
directly for the acceleration since C, is a function of 
both a and la  which are unknown.  To uncouple these param- 
eters, we note that the arc mass is given by 

m = a WD /  p U)d? a   a   0 
(17) 

which can be written, with the substitution of Equations 
(10) and (12) , as 

WDC 
m a 

i — 
- P (18) 

where 

p = /  pU)d? 
0 

is the average pressure in the arc. The average pressure 
is calculated most easily from the differential equation. 
Equation (11), with the result 

^   1/1 P = ^T (2 1 

i 
- Pf) • (19) 



Substituting Equations (19) and (15) into Equation (18) 
and rearranging the terms yields the expression 

a = .^ S^ r (20) 
2 (m + m ) v  ' 

=  UJ
2WD 
\     + 
a   p 

for the acceleration of the arc and projectile. 

Substituting Equation (20) for the acceleration 
into Equation (15) yields the expression 

m 
f(Cl) = 2(mP+m ) • (21) 

P   a 

Thus, the parameter C^, which relates the arc length, the 
acceleration, and the temperature according to Equation 
(12), is a function only of the ratio of the arc mass to 
the projectile mass.  Figure 2 shows the dependence of 
both C1 and f(C1) on the arc mass ratio, ma/mp.  For most 
rail gun applications m /m  << 1 and C  and fiC-^)   can be 
approximated by        a p 

C, = 
3m a (22) 

1   2m 
P 

1   Cl fCCV = 2   3 

Once C1 is determined from Equation (21) for a given ma/mp, 
the pressure profile can be obtained from Equation (14) . 

The final and average arc pressures can now be 
readily evaluated.  Equations (15) and (20) yield 

uj2m 

Pf = 2(m +m ) <23) a   p' 

for the arc pressure at the projectile.  Substituting 
Equation (23) into Equation (19) yields 

.2 
-    ^ ma 
P = 2Cn(m + m ) (24) 

la   p 

16 
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for the average arc pressure.  Thus, for this model, the 
acceleration and the pressure profile in the plasma can 
be determined without having to solve for the arc 
temperature. 

It is interesting to note that Equation (14) 
predicts that the maximum pressure in the arc occurs not 
at the projectile but at 

5m = 
ln(l + C^ 

where it has the value 

3   = ^ [1 - i- ln(l + C, )] 
max   c i      c i        1 

As the mass ratio ma/mp ■+ 0, however, Cm approaches 
unity and, consequently, p   approaches p_. 

B.  Arc Temperature and Length 

Equation (12) provides a relationship for the ratio 
of the arc length to the average temperature in terms of 
the acceleration and the mass ratio, ma/mp.  To determine 
either quantity explicitly one additional relationship is 
needed.  This relationship is provided by the energy equa- 
tion which, for a steady arc in the accelerating frame, 
reduces to 

q = — (25) 

where q is the heat flux.  Equation (25) represents the 
principle that, in the steady state, the ohmic heating 
must be balanced by the heat loss for every point in the 
arc. 

In writing Equation (2 5) we have neglected the 
contribution of any internal flow in the arc to the 
energy balance.  Recent investigations suggest the possible 
existence of counter-rotating vortices which are convected 
by the arc.  This phenomenon is currently under investi- 
gation and if the internal flow velocities prove to be of 
the same order as the thermal velocities in the arc, then 
their contribution to the energy balance should be included, 

18 



As noted in Reference 4, the heat flux in typical 
rail gun plasmas occurs primarily by thermal radiation. 
In addition, the radiation mean free path X is ~ lO'^m, 
which is much less than the arc dimensions so that the 
plasma is relatively opaque to the radiation.  Thus, the 
heat flux can be represented by the "radiative heat 
conduction equation" [6] 

4a X 
q = - ^5— V TH (26) 

where as = 5.67 x 10~
B J/m2deg s is Stefan's constant.  If 

we assume__that the radiation mean free path is a constant, 
equal to T, and substitute Equation (26) into Equation 
(25), we obtain 

V2!1* =  "3J__ . (27) 
4CJ A a s 

Since J is a constant in our model, Equation (27) for Tk 

is just Poisson's equation with a constant source term. 

If we take the temperature on the arc surface to 
be a constant T  then the solution to Equation (27) in 
the rectangular parallelepiped which represents the arc 
is given by [7] 

oo 

T4  = T^ + I a       sin[ (2£+l)TT5]sin[(2m+l)TTr1]sin[ (2n+l)TTK] 
S      0 rr,     n-n !imn 

J6, m, n= 0 
(28) 

where 5, n, and K represent the nondimensional arc coordi- 
nates 

5 = x/£a 

n " y/w 

< ■ z/D 

Y. B. Zel'dovich and Y. P. Raizer, Physics of Shock 
Waves and High-Temperature Hydrodynamic Phenomena 
(Academic, New York, 1966), Vol. I, Chap. 2. 
H. S. Carslaw and J. C. Jaeger, Conduction of Heat in 
Solids, Second Edition (Oxford University Press, 
Oxford, 1980), Chap. 14. 
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a = 4M!       l29) £mn  5 (ty) 
o    Xa   n    (2£ + 1) (2m+1) (2n +l)a s zmn 

and 

a '2,.+1\\  (2^V     hntf  _ 
imn       [HI        \    W 

The series in Equation (28) can be evaluated for T 
at several points within the arc and the resulting values 
integrated numerically to obtain the average temperature 
T.  We note, however, that the temperature profile through- 
out most of the arc is fairly well characterized by the 
first term in the series.  The additional terms serve 
primarily to define the temperature near the arc boundar- 
ies.  Thus, we approximate the average arc temperature by 

-111., 
T =  /    /    /     {T    +  a       sin(TT£)sin(TTn)sinUK)}^d?dndK        (31) 

0    0    0 

where 

a =   4 8J2 

ooo ^ ^    • ^^ 

If the surface temperature is sufficiently low, the temp- 
erature within the interior of the arc is relatively 
insensitive to Ts.  We assume this to be the case and 
neglect the contribution of T  to the integral in Equation 
(31) so that 

_     L 
T = a^ ooo 

1     w 
/  sin4 (TiOdC 
0 

(33) 

The integral in Equation (33) is given by [8] 

r1 k 1 /     sin4   US)dC  = i B(5/8f   1/2) =2.69 (34) 
0 

8.  P. J. Davis, "Gamma Function and Related Functions," 
in Handbook of Mathematical Functions, edited by M. 
Abramowitz and I. A. Stegun (Dover, New York, 1972). 
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where B(x,y) is the beta function. 

Substituting Equations (32) and (34) into Equation 
(33) and using the definition of J given by Equation (7) 
yields the relatively simple expression 

T = .394 

a X a s 

J2 

1 + CD2 
\ D / 

(35) 

for the average arc temperature. 

If we retain only the first term in the series of 
Equation (28), we can also estimate the maximum arc 
temperature, which occurs in the center of the arc.  The 
resulting expression is 

4       u 
T    = (T  + a   ) 4. (36) max    s   ooo K     ' 

Again, if Ts is sufficiently low, the maximum arc tempera- 
ture can be represented by 

Tmax = aooo =1.59?. (37) 

Thus, this simple model suggests that the maximum tempera- 
ture is roughly 60% higher than the average temperature in 
the arc. 

The values of X  and o used in Equation (35) to 
evaluate T are calculated based on the average arc proper- 
ties.  For a fully ionized plasma, the radiation mean 
free path can be approximated, in MKS units, by [9] 

i-l:4-1110"!3'5 os, 
IT o(l + a)2 

where N is the average number density of heavy particles 
and a is the average ionic charge in the plasma.  We cal- 
culate !T based on the average temperature and pressure in 
the plasma, 

N =  £3  , (39) 
(1 + a)k,T 

9.  See Reference 6, Chapter 5, 
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so that X   can be expressed as 

T _ 8.38 x 10~
13 Tll/2 ,, . X ~r— i (40) 

p a 

The average degree of ionization is given by 

«" = 1     Jx. (41) 
j    J 

where x. represents the ratio of the number of atoms 
ionized-1 j times to the total number of heavy particles. 
The XJ are obtained from solutions to the Saha equations 
[10] which can be represented in the form 

Ct X 

-Jll  = Ki + 1(^ P) (42) 
(l + a)x.    D+1 

and are calculated based on the average arc temperature 
and pressure. 

To simplify the evaluation of the x., it is assumed 
that for a given set of T and p, the plasmil consists only 
of ions with two separate degrees of ionization.  For 
example, the arc particles may be assumed to be either 
neutral or singly ionized, or singly or doubly ionized, 
etc.  With this approximation, the Saha equations can be 
solved explicitly for the fraction x.. 

The average conductivity is calculated from the 
results of Spitzer, et al. [11-13] for a fully ionized 
plasma: 

10. See Reference 4, Chapter 3. 
11. L. Spitzer, Physics of Fully Ionized Gases (Inter- 

science, New York, 1965), Chapter 5. 
12. R. s. Cohen, L. Spitzer, P. McR. Routly, "The 

Electrical Conductivity of an Ionized Gas," Phys. 
Rev. 80, 230 (1950). 

13. L. Spitzer and R. Harm, "Transport Phenomena in a 
Completely Ionized Gas," Phys. Rev. 89, 977 (1953) 



2.63 x 10"2 y 
a = e =-3/2 . 

T / Jin 

where 

4.57 x 10~5 T2 

Z / a p/(l+a) 

-l 

(43) 

j 
J2xi / I   jx 

j   J 
(44) 

and Yg is a weak function of Z equal to .6833 for Z = 2 
and .5816 for Z = 1.  As indicated by Equation (43), the 
average conductivity is calculated based on the average 
temperature, pressure, and degree of ionizatioS in the 
Sire # 

^ ^  Equations (40) and (43) complete the specification 
of the problem.  The calculation of the arc properties 
proceeds as follows.  For a given geometry, arc mass, 
projectile mass and current per unit height on the rails 
the average pressure and acceleration are calculated from 
Equations (24) and (20), respectively.  The arc length and 
average arc temperature are then calculated in an itera- 
tive fashion.  First, values are assumed for Z     and T 
The average conductivity a is then calculated from Equa- 
<A^   

{   11  fu  the radiation ™ean free path from Equation 
(40) with_the assumed value of T and the calculated 
pressure p.  These values are then substituted into 
Equation (35) and a new estimate for the temperature 
obtained.  A revised estimate for JU is obtained from 
Equation (12) which can be written Is 

£  = 
a 

Clkb(1 + a)T 

a m (45) 

The procedure is continued until the estimated values of f 
and ia  agree with the calculated values to within some 
tolerance.  In carrying out the calculations it was found 
that the number of iterations required to obtain convergence 
was reduced significantly if Equation (35) was rewritten 
so that the temperature dependence in X was transformed 
to the left-hand-side of the equation.  For all the cases 
considered, convergence to within 0.1% was obtained in 
less than twenty iterations with this revised calculation 
technique. 
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III.  APPLICATION OF THE MODEL TO THE RM EXPERIMENT 

In this section we will use the model developed in 
Section II to predict the plasma conditions in the RM 
experiment.  Because it is not possible to determine 
a priori which two Saha equations to use in the calcula- 
tion, we first calculate the plasma properties assuming 
only singly ionized and doubly ionized species are present. 
If the fraction of singly ionized species exceeds 0.5, 
the calculation is repeated assuming that only neutrals 
and singly ionized species are present.  The calculation 
which gives the more uniform distribution among the two 
species is then reported.  For the cases which are con- 
sidered in this report, the results reported for 
T <■   30,000oK correspond to solutions where the ions were 
assumed to be only singly ionized, whereas for T > 30,000oK 
the results correspond to calculations when the plasma 
was assumed to consist of only singly and doubly ionized 
species. 

Table I shows the baseline properties used in our 
simulation of the RM experiment and Table II shows the 
model's predictions for these baseline conditions.  The 
model predicts an average arc temperature of approximately 
35,700oK and a maximum temperature, based on Equation 
(37), of 56,800oK.  These temperatures are comparable to 
the estimate of 44,000 ± 13,000oK obtained in McNab's 
analysis [14] of the RM experiment.  The average tempera- 
ture calculated here is approximately a factor of 1.6 
lower than the average temperature calculated in Reference 
4 based on only axial heat loss.  This difference was 
anticipated in the earlier work and results from the addi- 
tional radiation losses in the three-dimensional tempera- 
ture calculation.  We note that in our calculation an arc 
mass was assumed which was twice that used in the analysis 
of References 4 and 14.  The effect of arc mass on the 
properties of the arc will be discussed in detail in the 
following section.  Here we only note that reducing the 
arc mass by a factor of two in our calculation  increases 
the average and mean arc temperatures by approximately 
14%.  Thus, the qualitative agreement with McNab's analysis 
and the considerably lower prediction compared to the one- 
dimensional analysis remain valid even for the lower arc 
mass. 

14.  I. R. McNab, "Electromagnetic Acceleration by a High 
Pressure Plasma," J. Appl. Phys. 51, 2549 (1980). 
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TABLE 1.  BASELINE CONDITIONS FOR THE RM EXPERIMENT 

Symbol 

W 

D 

m 
P 

j 

m o 

Quantity 

rail separation 

effective rail height+ 

projectile mass 

current per unit height of rail 

mass of ions and neutrals 

arc mass 

Value 

1.27 x 10"2m 

1.56 x10"2m 

3.0 x10"3kg 

1.92x 107  A/m 

1.1x 10~25kg 

2x 10~k   kg* 

estimated  value 

See Reference   [5] 

max 

TABLE 2.  MODEL PREDICTIONS FOR BASELINE 

Symbol   Quantity 

T      average arc temperature 

maximum arc temperature 

average arc pressure 

final arc pressure 

average arc density 

final arc density 

arc length 

arc-projectile acceleration 

average electron number density 

average degree of ionization 

P 

pf 

P 

pf 

£ a 

a 

n 

RM  PARAMETERS 

Value 

35,700oK 

56,800oK 

1.47 x 108 Nt/m2 

2.17 x 108 Nt/m2 

12.7  kg/m3 

18.7  kg/m3 

7.9  cm 

1.43 x 107   m/s2 

1.84 x 1026/in3 

1.59 

25 



The arc pressures and the acceleration shown in 
Table 2 are essentially the same as those calculated in 
the one-dimensional model.  They are approximately a 
factor of two higher than McNab's estimates, however. 
The lack of agreement with McNab's calculation arises 
apparently because the use of infinitely high rails in 
the present calculation overestimates the force on the 
projectile.  If we equate the force on the projectile, 
obtained by multiplying Equation (23) by the area WD, 
to 1/2 L' I2, where I = jD is the total current in the 
rails, we can derive an effective inductance per unit 
length for our model of 

L' = y 
m W 
P 

(m  + m ) D a   p 
(46) 

Evaluating Equation (46) for the RM parameters yields a 
value of approximately .96 yH/m for L'.  McNab, on the 
other hand, uses an effective inductance of .42 yH/m in 
his calculation of the force on the projectile. 

An effective inductance can also be deduced from 
the RM experimental results.  If we neglect the drag on 
the projectile due to the rails, we can relate the distance 
traveled by the projectile to the acceleration time by the 
equation 

d2s 
2m L'I2(t) . 

dt^   —p 

The current can be written as 

(47) 

Kt) = I  e o 
-t/x 

(48) 

where I0 is the current at t = 0 and T is the time constant 
of the storage inductor which drives the current through 
the rail gun. Rashleigh and Marshall report that the cur- 
rent fell by 20% during the acceleration time of 1.2xl0~3s, 
which suggests a value of 5.38 x 10~3s for T. 

The solution to Equation (47) with s(0) =0 and no 
initial velocity is 

[*± + -2t/T e  '  - 1 (49) 
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where 

G= 8TrL,Io • (50) . 
p 

Evaluating Equation (49) at the muzzle conditions (s = 5m, 
t = 1.2x10" s) with I0 = 300  kA and T = 5.38xl0"3s yields 
a value of 0.53 yH/m for L'.  This value is approximately 
one-half of the value calculated from our model.  Part of 
the difference arises because our assumption of infinitely 
high rails overestimates the electromagnetic fields in the 
arc, and thus the force on the projectile.  In addition 
the model neglects any frictional effects on the projectile, 
which are included implicitly when we derive an inductance 
from the RM experimental results. 

The model predicts an arc length of 7.9 cm, which 
is approximately 8 5% of the value obtained in the previous 
one-dimensional analysis [4].  The reduction in arc length 
results from the difference in arc temperatures in the 
two models.  To illustrate we note from Equation (12) that 
the arc length is proportional to 

m (1 + a)T 
£a "   E5  (51) 

P 

where we have used  the relationship 

C,   cc  m /m (52) lap v     ' 

for small values of ma/mp.  Since the force on the pro- 
jectile is essentially the same in the two calculations, 
the ratio of the arc lengths reduces to 

£a rn   (l + a)T 

-nh—= —-—^—' (53) (
V1D        [ma(l + a)T]1D 

Although the arc mass used in this calculation is twice 
that used in the calculation of Reference 4, the average 
temperature and degree of ionization decreased enough to 
reduce the ratio in Equation (53) to 0.85. 



In general, the model developed here appears to 
give results which are consistent with the one-dimensional 
model, except for the expected reduction in the predicted 
value for the arc temperature.  This reduction in temper- 
ature also accounts for the only other discrepancy between 
the two models, the shortening of the arc length.  Both 
models, however, overpredict the acceleration of the 
projectile due to the assumption of infinitely high rails 
in calculating the force and the neglect of drag on the 
projectile. 
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IV.  EFFECT OF PARAMETER VARIATIONS ON ARC PROPERTIES 

The model developed in the preceding section is well 
suited for parametric studies of rail gun plasmas because 
it is computationally efficient and, in addition, simple 
enough to be physically transparent.  In this section, we 
will use the model to investigate the range of plasma 
properties which can be obtained by varying the arc mass, 
the projectile mass and the rail gun current.  To conduct 
this investigation, we will systematically vary one param- 
eter while keeping the other rail gun parameters fixed at 
their baseline values for the RM experiment, given by Table 
1. 

We begin by considering the effect of arc mass on 
the plasma properties.  Figure 3 shows how the maximum 
and average arc temperatures vary as the arc's mass is 
increased from 0.06 g to 3.0 g, the upper limit being the 
projectile mass for the RM experiment.  A decrease in the 
arc mass results in an increase in the arc temperature, 
as can be seen from the figure, primarily because there 
are fewer particles to absoib the ohmic heating of the arc. 
The increase in temperature is not large, however, because 
the radiation losses, which vary as T\ inhibit large 
increases in the arc temperature.  For example, although 
the arc mass varies by almost two orders of magnitude in 
Figure 3, the average arc temperature changes only by 
roughly a factor of 2 varying between 20,000°K and 44,000oK. 
Over the same range of ma, the maximum arc temperature 
varies from 32,000oK to 70,000oK. 

Figure 4 shows the effect of the arc mass on the 
average pressure p, the maximum pressure p   , and the 
final pressure at the projectile pf.  According to the 
figure, a decrease in arc pressure accompanies an increase 
in arc mass.  However, for ma/m  << 1 the pressure in the 
arc is relatively insensitive to variations in arc mass 
with p ~ 1.5xl08Nt/m2 and pmax ~ pf ~ 2.3 x 108Nt/m2.  As 
the arc mass becomes comparable to the projectile mass 
(ma > 0.5 g), the pressure becomes more sensitive to the 
arc mass.  In addition, the difference between the final 
pressure and the maximum pressure becomes noticeable.  For 
an arc mass equal to the projectile mass the average 
pressure is 70% of its asymptotic value at small ma, 
whereas the pressure at the projectile is only approxi- 
mately 50% of its asymptotic value. 

Figure 5 shows the effect of arc mass on the length 
of the arc and on the common acceleration of the arc and 
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projectile.  According to the figure, the arc length is 
very sensitive to arc mass increasing from 3.1 cm at 
ma = .06 g to 51.0 cm at ma = 3 g.  The acceleration which 
is proportional to pf is considerably less sensitive to 
the value of ma.  Over the same range of m, it falls from 
1.5xl07 m/s2 to O.SxlO7 m/s2. 

In summary we find that an increase in arc mass is 
accompanied by decreases in the arc temperature, pressure, 
and acceleration, and by an increase in the arc length. 
The arc length is, by far, the arc property most sensitive 
to ma.  For values of ma/m << l, the arc pressures and 
consequently the acceleration are relatively insensitive 
to the arc mass.  In fact for ma/mp << 1 variations in 
the arc mass affect I     the most, the temperature to a 
lesser extent, and the acceleration even less.  These 
results are particularly encouraging since present methods 
of generating the arc by exploding a copper fuse provide 
little control over the mass eventually contained within 
the arc. 

There is somewhat greater freedom in choosing the 
projectile mass and we will now investigate its effect on 
the properties of the arc.  In Figures 6 and 7 we show the 
effect of nip on the arc temperatures and pressures, 
respectively.  Figure 8 shows the effect of m on the arc 
length and the acceleration.  Recalling that ma = 0.2 g 
for these calculations we note that the arc's thermodynamic 
properties as well as its length are independent of the 
projectile mass for ma/mp << 1.  Because p£ remains con- 
stant, the acceleration of the arc and projectile must 
fall as l/nip in this region and this behavior is evident 
in Figure 8.  For a projectile mass on the order of the 
arc mass we see a decrease in arc pressure and temperature 
and an increase in arc length with decreasing nu. 

Finally, we investigate the effect of varying the 
rail gun current on the arc properties.  Figure 9 shows 
how the average arc temperature and the maximum arc temp- 
erature vary with j, the current per unit height of rail. 
We note from the figure that the average arc temperature 
increases approximately linearly from 20,000oK to 50,000oK 
as j increases from 1.0 x 107 A/m to 3.0 x 107 A/m.  Simi- 
larly, the maximum temperature increases from 32,000oK to 
80,000oK.  The increase in temperature with increasing j 
occurs, of course, because of the increased ohmic heating 
of the arc. 
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Figure 10 shows the effect of current on the arc 
pressures, p   and p.  For the RM parameters, m /m << 1 

nicix   a  p 
and the model predicts that p = 1/3 yj2 and P-: = p  . = 

1/2 ]xj*.     Figure 10 merely expresses these relationships 
graphically. 

In Figure 11 we show the effect of varying the 
current on the arc length and the acceleration.  The 
acceleration also increases as j2 since it is linearly 
related to pf for a constant projectile mass.  The arc 
length is considerably less sensitive to j; it varies only 
between 5 .0 cm and 11.0 cm for the range of currents shown 
in the figure.  This behavior can be understood by refer- 
ring to Equation (51) which shows that £a is proportional 
to the arc temperature and inversely proportional to the 
acceleration and both parameters increase with increasing 
j- 

According to the results presented in Figures 3-11 
the model predicts that rail gun arcs will typically have 
arc lengths on the order of one to tens of centimeters, 
average temperatures in the range of 20,000oK to 40,000oK, 
and pressures on the order of 108Nt/m2.  The arc accelera- 
tion is, of course, strongly dependent on the combined 
arc and projectile masses but typically a - 107 m/s2 and 
108 m/s2 for combined masses on the order of 1 g and 0.1 g# 
respectively.  In addition, for ma/mp << 1 which is 
typically the case in conventional rail gun experiments, the 
arc pressure is a function primarily of the current. 

The arc length and arc temperatures depend primarily 
on the arc mass and the current.  T decreases with increasing 
ma and increases with increasing nip, while £a has the 
opposite behavior.  And, finally, for ma/mp << 1, the 
acceleration is determined primarily by the current and, 
of course, the projectile mass nip. 
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V.  APPLICATION OF MODEL TO THE PROPOSED 
WESTINGHOUSE EXPERIMENT 

Westinghouse is currently building a rail gun which 
it proposes to use to accelerate projectiles significantly 
heavier than the one used in the RM experiment. The model 
described in this report was used to predict the arc prop- 
erties for the set of conditions given in Table 3, which 
are comparable to the conditions for the proposed 
Westinghouse experiment. 

TABLE 3.  PARAMETERS FOR THE PROPOSED 
WESTINGHOUSE EXPERIMENT 

Symbol Quantity Value 

w rail separation 5 x 10 m 

D rail height 5x 10'2m 

"p projectile mass 0.3 kg 

j current per unit height of rail 1.47x 10 

Figures 12 and 13 show the results of the analysis 
for the arc temperature and the arc length.  Since little 
control can be exercised over the arc mass, we have plotted 
these parameters as a function of ma# with values ranging 
from 0.5 g to 30.0 g.  We note that over this range, the 
average arc temperature varies from 23f000

oK to 45,000oK 
and the arc length from 4 to over 50 cm.-  These plasma 
properties are not much different from those shown in 
Figures 3 and 5 for the RM experiment although we note 
that in the RM experiment they correspond to arc masses 
from 0.05 g to 3.0 g.  If we compare the arc properties 
at the same arc mass, say ma = 0.5 g, we find that the 
temperatures for the proposed Westinghouse parameters are 
approximately 1.5 times the temperatures for the RM 
parameters while the arc length is a fourth as large. 
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VI.  EFFECTIVE RANGE OF RAIL GUN PLASMAS 

In the preceding sections we have investigated the 
range of plasma properties which can be attained with 
current rail gun technology.  It is possible, at least 
conceptually, to use the rail gun as a plasma accelerator 
by removing the projectile from the path of the arc at 
the muzzle.  Alternatively, the projectile could be 
designed to melt during the acceleration process and 
become part of the plasma. 

The utility of a plasma accelerator will be deter- 
mined to a certain extent by how quickly the plasma dissi- 
pates once it leaves the muzzle.  Although the plasma 
pressures are typically on the order of 103 atmospheres 
the plasma remains confined to a relatively small volume 
while in the gun because of the electromagnetic force and 
the mechanical forces imposed by the rails and projectile. 
Once it exits the gun, however, these influences are no 
longer present and the plasma will expand and cool until 
it achieves mechanical and thermal equilibrium with the 
surrounding air. 

An accurate description of this relaxation process 
requires the solution of the unsteady fluid dynamics 
equations with proper account taken of the radiation 
cooling and the plasma recombination.  Such an analysis 
is beyond the scope of this effort.  Rather, here we will 
take the useful lifetime of the plasma to be the time 
required for an acoustic wave to traverse the original 
width W of the plasma which is indicative of the time 
required for the plasma to expand and establish pressure 
equilibrium with the surrounding air.  (We are assuming 
here that the height of the rails is approximately equal 
to the distance between the rails, i.e., W = D, and that 
both are less than the arc length St,   .) 

The acoustic transit time based on the average arc 
temperature is 

t  = W a 

m 
o 

Y(l + a)k T 
(54) 

where Y is the ratio of specific heats.  For this analysis 
we will assume a value of 5/3 for Y, which corresponds to 
the specific heat ratio for a perfect monotomic gas. 
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We define the effective range of the plasma to be 
the distance traveled by the arc within an acoustic 
transit time, ta, after exiting the muzzle.  We calculate 
this distance based on the assumption that the plasma 
velocity remains constant during the expansion process 
with a value equal to its velocity at the muzzle.  For 
a constant acceleration, a, the exit velocity is 

ve = {2aL)h (55) 

where L is the length of the rail-gun accelerator.  The 
effective range, R, is then the product of v and t or 

R = W2 
% yj2L 

(in +in )Y(1 + a)k. T a  p       D 

*i 

(56) 

In writing Equation (56) we have substituted Equation (20) 
for the acceleration with the assumption that W = D. 

As an example we calculate R for the RM parameters 
in Table 1 except for the projectile mass, nip, which we 
take equal to 0.2 g, the arc mass.  For this case we 
obtain an average temperature of 30,200oK as shown in 
Figure 6 and a  =  1.35.  Assuming W = D = 1.56 cm and 
substituting into Equation (56) yields the following 
expression for the effective range: 

R = .068 I/5 (57) 

where both R and L are expressed in meters. 

For a typical accelerator length of 6m, Equation 
(57) indicates an effective range of 0.2m.  Although this 
range may be sufficient for laboratory studies of plasma 
properties or for manufacturing applications, it 
severely limits the possibility of using the arc as a 
military weapon. 

For the arc to be a viable weapon its range would 
have to be increased by three to four orders of magnitude 
above that calculated for the RM experiment.  Examination 
of Equation (56) suggests that it would be difficult to 
achieve such a large increase in range for realistic 
variations of the rail gun parameters.  Thus, extended 
ranges for rail gun plasmas will have to rely on forces, 
applied external to the gun, which will counter the 
radial expansion due to the high internal pressure in 
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the arc.  If confinement of rail-gun arcs can be achieved 
it will probably result from the interaction of electro- 
magnetic fields with the arc.  Electromagnetic fields are 
frequently used in the laboratory, for example in fusion 
experiments, to confine plasmas and it may be possible to 
extend these techniques to a plasma propagating in the 
atmosphere. 

A well-defined plasma propagating through the 
atmosphere would appear similar, at least superficially, 
to ball lightning.  This observation prompted a review of 
ball lightning phenomena to determine if the mechanisms 
responsible for the propagation of ball lightning might 
be relevant for rail gun arcs.  Unfortunately, due to the 
rare and unpredictable occurrence of ball lightning, 
there is little experimental data available.  The "data" 
which does exist consists of descriptions, or photographs 
at best, of individual sightings [15], and several of these 
have been discredited as representing ball lightning 
phenomena. 

Several techniques including the use of radio 
frequency discharges have been used to generate plasmas 
in the laboratory which are similar in appearance to ball 
lightning.  These experiment? as well as the actual 
sightings suggest that ball lightning may be a region of 
air at atmospheric pressure or slightly less heated to 
temperatures of a few thousand degrees Kelvin.  These 
thermodynamic properties are quite different from the 
high temperatures and pressures one would expect in rail 
gun arcs. 

A variety of mechanisms have been proposed to 
account for the propagation of ball lightning.  Some 
studies suggest the motion of ball lightning may be due 
to the buoyancy forces exerted on a lighter-than-air 
plasma.  Others speculate that the bright moving glow is 
caused not by any mass motion but by an ionization front 
which moves in response to an electromagnetic field. 

The current uncertainty regarding the nature of 
ball lightning and the probable differences between the 
thermodynamic properties of ball lightning and rail gun 
arcs suggest that studies of ball lightning phenomena will 
have little relevance to propagating and confining rail 
gun plasmas. 

15.  See, for example, J. D. Barry, Ball Lightning and 
Bead Lightning (Plenum, New York, 1980) for a review 
of ball lightning phenomena. 
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VII.  CONCLUSIONS AND RECOMMENDATIONS 

In this report we have developed a simple,compu- 
tationally efficient model which can be used to calculate 
the arc properties for a conventional rail gun (m  << m ) 
or for a plasma accelerator (ma = mp).  The model was  

P 

applied to variations about the RM experimental parameters 
to determine the effect of arc mass, projectile mass and 
current density on the arc properties.  The model predicts 
that rail gun arcs typically will have arc lengths on the 
order of one to tens of centimeters, average temperatures 
from 20,000oK to 40,000oK and pressures on the order of 
108 Nt/m2.  In addition, for the conventional rail gun 
(ma << mp) the pressure is a function primarily of the 
current whereas the arc length and arc temperature depend 
on both the arc mass and the current.  In general, the 
arc temperature decreases with increasing arc mass and 
increases with increasing projectile mass, while the arc 
length exhibits the opposite behavior. 

Comparison of the model predictions with the 
results of the RM experiment indicates that the arc- 
projectile acceleration is overestimated by a factor of 
about 2.  One reason for this discrepancy is the use of 
infinitely high rails in the model, an assumption which 
results in an overestimate of the force on the projectile. 
In addition, the drag on the projectile due to the rails 
was neglected in the calculation.  In future work it 
would be desirable to modify the present model to account 
for the effect of finite rail height on the acceleration 
and to investigate the effect of frictional forces on the 
projectile. 

The effective range of rail gun plasmas was esti- 
mated based on the acoustic transit time across the arc. 
The calculation suggests an effective range on the order 
of a few tens of centimeters for typical rail gun param- 
eters.  While this range may be sufficient for laboratory 
experiments or manufacturing applications it precludes 
the use of the plasma as a weapon unless some technique 
for limiting the plasma expansion can be found.  An inves- 
tigation of the literature on ball lightning revealed 
little information relevant to maintaining confined rail 
gun plasmas in the atmosphere.  Future studies of the 
plasma accelerator as a weapon should focus on techniques, 
such an electromagnetic confinement, for limiting the 
expansion of the arc as it propagates in the atmosphere. 
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